We describe a wavelength multiplexer design that employs multiple transmission volume Bragg gratings written in the same region of a photosensitive glass having a through channel loss of Ͻ0.5 dB. A two-channel multiplexer for wavelengths of = 1310 and 1550 nm is demonstrated to test our design methods and assumptions. Agreement between simulation and experiment is within 0.2 dB at the peak diffraction efficiency. Grating apodization is used to reduce the interchannel cross talk from ͑13.5± 0.5͒ to ͑41.5± 8.5͒ dB, with an experimental through channel loss of ͑0.6± 0.2͒ dB. Effects of angular dispersion on diffraction efficiency and grating spectral shape due to the finite diameter of the incident reading beam are also analyzed.
INTRODUCTION
Wavelength multiplexers and combiners are an indispensable part of wavelength division multiplexing schemes that find application in many diverse communication networks and computer interconnects. They have been implemented using arrayed waveguide gratings 1 (AWG), photonic crystals, 2, 3 and thin-film filters. 4 ,5 AWG structures can be used to implement up to 1000-channel multiplexers 1 and are integrable with other photonic devices, 6 although they suffer from a through channel loss of about 3 dB. Photonic crystals 3 exhibit a large through channel loss of 6 -7 dB. In contrast, free-space optics devices such as thin-film filters 4 with optical passbands as narrow as 0.2 nm can have very low losses. For example, a four-channel free-space add-drop module 5 has been demonstrated with only 1.1 dB loss. However, a wavelength multiplexer requires the alignment of numerous filters that are packaged with a collimator for each channel in a cascade, 5 whose complexity can lead to unacceptably high costs for many applications.
Here, we present an alternative, low through channel loss free-space-optics wavelength multiplexer concept that comprises isolated or multiple transmission volume Bragg gratings (VBGs) holographically recorded in the same region of a photosensitive glass (Fig. 1) . Each wavelength has a corresponding Bragg-matched grating with a unique diffraction angle. The multiwavelength incident light is coupled into the first-order diffraction modes of the corresponding gratings, thereby spatially separating the different wavelengths into their respective channels. The diffracted light is passed through a second Braggmatched grating section such that the output direction coincides with that of the input. Since the gratings can be simultaneously recorded by using a phase mask, the alignment and packaging problems faced by thin-film filters are reduced. It is possible to route different channels in this VBG chip into a fiber ribbon, obviating the need for individual optical collimators. Multiplexers with a similar design employing multiple reflection gratings have been demonstrated to have less than 0.5 dB through channel loss. 7 In this paper, we explore the design principles of VBGbased wavelength multiplexers and compare the performance of both multiplexed and isolated grating structures (Fig. 1) . The transmission gratings are modeled using coupled-mode theory 8, 9 and are expressed in a transmission matrix formalism that facilitates the analysis of apodized gratings. Advantages of apodization and beam dispersion effects are also discussed. We demonstrate a two-channel wavelength multiplexer by using the multiplexed grating in photorefractive doped silicate glass [10] [11] [12] [13] operating at wavelengths of 1 = 1310 and 2 = 1550 nm; the demonstration verifies our model predictions.
MODELING OF MULTIPLEXED GRATINGS
To describe multiple gratings with independent apodization, we divide the gratings into slices along the propagation direction within which the index contrast of each grating is assumed constant. A transmission matrix that describes the power coupled between the various modes by the gratings then represents each slice. The transmission matrix formulation allows for grating reconstruction similar to the discrete layer-peeling algorithm used for modeling reflection gratings.
Consider a multiple-grating structure where energy is coupled between N modes. The complex fields of each of these modes, R ͑i͒ ͑z͒, at a propagation distance, z, can be represented as a combination of N spatial components along the propagation direction with complex spatial frequencies, ␥ l , and corresponding amplitudes, r l ͑i͒ . That is, T . The transmission matrix thus defined is computed for different wavelengths and is parameterized by the grating attributes-coupling constants, orientation, apodization functions, Bragg wavelength, and length.
WAVELENGTH MULTIPLEXER DESIGN
Here, the design principles for a two-channel wavelength multiplexer operating at wavelengths of = 1310 and 1550 nm are discussed by way of an example that can be generalized for more channels as required. All results consider second-order modes to achieve an accurate estimate of the diffraction efficiencies of the first-order modes. Ignoring the second-order modes leads to a maximum variation of 1% in the results mentioned here. Each channel comprises two identical Bragg-matched gratings, one of which is multiplexed with gratings for the adjacent channel ( Fig. 1) . A normal angle of incidence is assumed unless stated otherwise. The design parameters to be determined are the length, diffraction angle, and index contrast of each unapodized grating. We begin by fixing the length of the gratings to 3 mm. Shorter gratings are more compact but require a larger diffraction angle and index contrast to maintain the required diffraction efficiency. The sum of the index contrast of each grating should not exceed the saturation value, or the dynamic range, of the photosensitive material. 13 Index saturation adversely affects the grating performance, leading to higher-order spatial harmonics in the index profile. Thus, the dynamic range of the photosensitive material and the dimensions of the device, also constrained by practical packaging requirements, play an important role in fixing the length of the grating. Here a photorefractive glass with a dynamic range for index writing of ⌬n = 0.002 is considered (see Section 4). 13 The diffraction angles are chosen such that the peaks of the wavelength responses (at = 1310 and 1550 nm) of the two gratings, considered separately, are aligned to the first nulls of the other to minimize interchannel cross talk (Fig. 2 , dashed curves). In this case, a broad spectral passband is desired. In general, choosing higher-order nulls reduces the cross talk, as well as the passband. With this criterion, the diffraction angles for the gratings tuned to = 1310 and 1550 nm are found to be 2.3°and −2.55°, respectively.
The optimal index contrasts of the two multiplexed gratings are adjusted to maximize the diffraction efficiencies of both channels. In Fig. 3 , the dependence of the diffraction efficiencies of the multiplexed gratings (solid and dotted curves) on the grating index contrasts are compared with that of single, independent gratings (dashed curves). The optimum index contrasts that maximize the diffraction efficiency of channel 1 at 1 = 1310 nm and channel 2 at 2 = 1550 nm are ⌬n = 0.00045 and 0.00053, respectively. Their sum is well within the dynamic range of the photosensitive glass 13 that is used in the experiment in Section 4.
We next consider the effect of the index contrast on the grating Bragg matched to 1 = 1310 nm [ Fig. 3(a) ]. The response of channel 1 (solid curve) is similar to that of a single grating (dashed curve), the latter having an optimal index contrast of ⌬n = 0.00044. A more significant effect of multiplexing is the reduction of diffraction efficiency from 100% to 92%. This can also be seen when we consider the effect of grating contrast on the response of channel 2 at 2 = 1550 nm (dotted curve). As the grating matched to 1 is made stronger, the diffraction efficiency drops steadily from 100%, which signifies a small dephasing of the gratings in the non-Bragg-matched situation. In this case, the grating diffraction angle should be increased to reduce the amount of light coupled by gratings into their corresponding first-order modes. Unfortunately, this requires a larger grating index contrast, which may not be possible in all cases owing to the limited dynamic range of the photosensitive material and the number of channels in the multiplexer. Multiplexing also brings with it an inherent asymmetry. For example, the grating tuned to 2 has smaller dephasing at = 1310 nm and thus couples more light out of channel 1. Hence, the reduction of peak diffraction efficiency at shorter wavelengths is always larger (Fig. 3, solid curves) .
Another unwanted effect of multiplexing is the inevitable increase in interchannel cross talk (see Fig. 2 ). The multiplexed channels (solid curves) do not have the sharp nulls seen in isolated gratings (dashed curves). This increases the cross talk from −53 and −67 dB to −16 and −12 dB for the = 1310 and 1550 nm channels, respectively. For example, consider the response of channel 1. Each grating was designed such that its wavelength response exhibits a null at the Bragg wavelength of the other when they are not combined. Hence, the length of the grating tuned to 1 = 1310 nm is optimal when the resonance between the zeroth-and first-order diffraction modes allows for complete energy transfer between them for that propagation distance. Ignoring higher-order modes, one can therefore represent each lossless grating channel as an undamped oscillator. When such a grating is multiplexed with the 2 = 1550 nm tuned grating whose first-order diffraction mode is strongly coupled to the zero-order mode due to Bragg matching, the two oscillators corresponding to both channels are coupled. Since the Fig. 3 . Dependence of diffraction efficiency of isolated (dashed curves) and multiplexed (solid and dotted curves) gratings on index contrast for the gratings in Fig. 2 . characteristic propagation lengths of the two channels are different, channel 1 exchanges energy with channel 2 off resonance, thereby eliminating the sharp null in the latter.
This effect can also be seen in the dependence of diffraction efficiency on incident angle, in Fig. 4 . The response of channel 1 when combined with channel 2 [ Fig.  4(a) , solid curve] does not exhibit a null at −0.4°inci-dence, as observed for a single grating [ Fig. 4(a) , dotted curve], where channel 2 is strongly coupled [Fig. 4(a) , dashed curve]. A similar effect exists at 0°incidence angle, suggesting that cross talk is angle dependent, as expected. However, varying the incidence angle (Fig. 2,  dotted curves) is accompanied by a penalty in peak diffraction efficiency.
The cross talk can be significantly reduced by apodizing the grating index contrast profiles. The wavelength response of two 5 mm long isolated gratings tuned to = 1310 and 1550 nm with a Gaussian apodization of width 3 mm (Fig. 5 , dashed curves) have improved sideband suppression compared with similar unapodized gratings (Fig. 2, dashed curves) . The gratings have diffraction angles of 1.8°and −1.9°and peak index contrast values of ⌬n = 0.0005 and 0.0006, respectively, which are comparable to the parameters of the unapodized gratings shown in Fig. 2 . As a result, the multiplexed apodized gratings (Fig. 5, solid curves) exhibit reduced cross talk (−33 and −50 dB) when compared with their unapodized counterparts (Fig. 2, solid curves) . A peak diffraction efficiency of ͑−0.23± 0.18͒ dB is achieved. The nulls in the apodized gratings depend on the choice of grating lengths and diffraction angles and are reduced in depth when multiplexed owing to the off-resonance coupling between adjacent channels. Thus, the cross talk in the multiplexed gratings is defined primarily by the Fourier transform of the apodization functions. All these limitations are absent when isolated gratings are used (Fig. 1) , the disadvantage of this approach being increased size.
The response of a four-channel wavelength multiplexer operating at = 1310, 1320, 1330, and 1340 nm is shown in Fig. 6(a) and illustrates the extension of the design to multiple channels. In this simulation, the unapodized gratings are 4.3 mm long, with index contrasts of ⌬n = 0.0003, 0.0003, 0.00031, and 0.00031 and diffraction angles of 6.7°, 6°, −6°, and −6.7°, respectively. The = 1320 and 1330 nm center channels have a loss of 0.8 dB, which is slightly higher than that of the other channels (0.6 dB loss) owing to the proximity of the two adjacent channels to the two center channels. A cross talk of ͑−12.8± 0.5͒ dB is achieved, which is comparable to the two-channel multiplexer in Fig. 2 . The cross talk is reduced to ͑−34± 1.5͒ dB when the gratings with index contrast of ⌬n = 0.0002 and a Gaussian apodization of width 7.5 mm were used [ Fig. 6(b) ]. The grating diffraction angles were the same as those of the four-channel multiplexer in Fig. 6(a). 
EXPERIMENT
A variety of photosensitive media has been considered for volume hologram recording, including inorganic photosensitive silicate glasses, [10] [11] [12] [13] lithium niobate, 15, 16 photopolymers, 17 and chalcogenide films. 15 Here we consider photosensitive silicate glasses doped with ionic salts containing mixtures of trace amounts of Ag, Ce, F, and Br. [10] [11] [12] [13] Details regarding the chemistry and processing of the glass have been previously described. 11, 13 The gratings are written in the glass using a photothermorefractive process that involves exposure to a sinusoidal interference pattern followed by heat treatment. 13 During exposure, the output of the writing laser is passed through a beam expander and then split into two beams that interfere on the glass sample, thereby forming the grating. The refractive index of the unexposed glass is 1.49. Following UV exposure at = 330-360 nm, the glass is heat treated at 450-500°C with further heating to 520°C for 3 to 5 h to allow for the formation of a second phase consisting of elongated pyramidal Ag-NaF and AgNaBr complexes. 10 The refractive index of NaF is 1.32, and hence the formation of the second phase containing a low density of the alkali halide complexes results in the local reduction of the refractive index. The glass is thermally stable up to 400°C and is insensitive to humidity. Refractive index variations of up to ⌬n = 0.002 (corresponding to the dynamic range) can be achieved by this exposure process. A large index contrast is essential for recording multiple gratings and ultimately limits the number of channels in the wavelength multiplexer, as discussed in Section 3. The resolution of the material is sufficiently high to permit the writing of gratings with spatial frequencies of at least 2500 mm −1 .
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The grating segments of the example two-channel wavelength multiplexer at = 1310 and 1550 nm were 3 mm long and were designed for a diffraction angle of 3°i n the glass. The index contrast of both gratings was ⌬n = 0.00045, and the sum of the contrasts of the gratings was well within the dynamic range of the material. 13 Isolated gratings with Gaussian apodization were also made.
RESULTS
The power in one output channel of the wavelength multiplexer was monitored as the angle of incidence was varied to produce the filter transfer functions shown in Fig.  7 , with the mirror image function appearing at the second output. Peak diffraction efficiencies of 80% and 87% and a cross talk of ͑−13.5± 0.5͒ dB with a side-mode suppression of approximately 8 dB were experimentally observed for the two channels (solid curves). Agreement between the experimental and the simulation results (dashed curves) is within 0.2 dB at the peak diffraction, which is consis- Fig. 7 . Experimental (solid curves) and simulated (dashed curves) angular responses of a two-channel wavelength multiplexer written in photosensitive glass with the gratings tuned to wavelengths of = 1310 and 1550 nm. The multiplexer comprises 3 mm long grating segments with diffraction angles of 3°. A peak diffraction efficiency of Ͼ80%, cross talk of ͑−13.5± 0.5͒ dB, and side-mode suppression of 8 dB were observed. Agreement between simulation and experiment is within 0.2 dB at the peak diffraction efficiency. tent with model predictions. The nulls in the calculation are smoothed owing to unwanted grating apodization and dispersion due to the finite spot size of the writing and reading beams, respectively, effects ignored in the simulations. A single independent grating with a Gaussian amplitude apodization showed a side-mode suppression of over 30 dB (Fig. 8, solid curve) and a peak diffraction efficiency of −1.1 dB, which reasonably matches the theoretical predictions (dashed curve). These gratings had 6°d iffraction angle and 5 mm thickness and therefore had a smaller spectral passband width than the gratings in Fig.  7 . The through channel loss measured for these components was ͑0.6± 0.2͒ dB, also consistent with calculation.
DISCUSSION AND CONCLUSIONS
Writing multiple simultaneous gratings in the same region of the glass reduces the peak diffraction efficiency and increases cross talk due to the power coupled into non-Bragg-matched modes. To minimize these effects, gratings with large diffraction angles and photosensitive material with a large dynamic range are required. Wavelength multiplexers in which gratings are not combined is one possible solution, as shown in Fig. 1 . However, apodization can improve the performance of the multiplexed gratings lacking a sharp resonance by allowing the wavelength response to fall sharply as the detuning is increased. As a result, the increase in cross talk due to coupling from neighboring channels is also reduced. Moreover, as aligning sharp nulls to the peaks is not needed, the design tolerance increases, especially for multiplexers with a large number of channels.
Finally, the effects of the reading beam spot size have been analyzed. The grating response for a finite Gaussian beam is approximately the convolution of its Fourier transform, also a Gaussian, and its response to an infinite plane wave. Hence, a smaller spatial beam width increases the beam spread in Fourier space. This approximation is valid as the angular spread of the reading beam is approximately 10 −3 times the diffraction angle of the gratings. Figure 9 (a) shows the simulated response for an apodized grating for reading beams of two different widths. The apodization was chosen to be a product of a sinc function and a Gaussian to achieve a flat peak response while maximizing side-mode suppression. As the spot diameter is reduced, the beam divergence increases, and the nulls in the grating response are smoothed while the peak diffraction efficiency is also reduced [ Fig. 9(b) ]. This effect explains the discrepancy between the simulated and experimental values of the peak diffraction efficiencies of the wavelength multiplexer in Fig. 7 .
In conclusion, we have presented the design of a low through channel loss, compact wavelength multiplexer employing multiplexed gratings written in a photosensitive medium. The advantages and disadvantages of the multiple gratings written in the same region of the glass have been compared with isolated gratings. In testing the model, simulations and experiment compared favorably for an example two-channel wavelength multiplexer written in photosensitive silicate glass for use in wavelength division multiplexing applications at wavelengths of 1310 and 1550 nm with a diffraction efficiency Ͼ80% and cross talk of ͑−13.5± 0.5͒ dB. Apodization is used to achieve a cross talk of Ͻ−30 dB. All the multiplexers have a through channel loss of approximately 0.5 dB. A reduction in peak efficiency by Ͻ0.05 dB can be expected owing to dispersion for a reading beam spot size of Ͼ2 mm for the multiplexers described here.
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